Fayans et al. with the set DF3-a of parameters fixed previously is used to calculate three kinds of quadrupole moments. At first, we examined systematically quadrupole moments of odd neighbors of semi-magic lead and tin isotopes and N = 50, N = 82 isotones. Second, we found quadrupole moments of the first 2 + states in the same two chains of isotopes. Finally, we evaluated quadrupole moments of odd-odd nuclei neighboring to double magic ones. Reasonable agreement with available experimental data has been obtained. Predictions are made for quadrupole moments of nuclei in the vicinity of unstable magic nuclei
Introduction
As the result of quick development of experimental techniques in nuclear physics, the bulk data on nuclear static moments has become very extensive and comprehensive [1] , thus creating a challenge to nuclear theory. First of all, it concerns the nuclei distant from the β-decay stability valley which are often close to the drip lines and are of great interest to nuclear astrophysics. For this reason, a theoretical approach used for describing such nuclei should have a high predictive power. The self-consistent Theory of Finite Fermi Systems (TFFS) [2] based on the EDF by Fayans et al. [3] is one of such approaches.
A good description of the quadrupole [4, 5] and magnetic [6, 7] moments of odd semi-magic nuclei has been achieved within this approach. For quadrupole moments, we use a new DF3-a version [8] of the original DF3 functional [3] which was employed in calculations of magnetic moments. It differs from the DF3 version only in the spin-orbit parameters κ, κ ′ and the effective tensor force. The DF3-a functional is characterized by a rather strong effective tensor force.
In these calculations, the so-called "single-quasiparticle approximation" has been used, where one quasiparticle in the fixed state λ = (n, l, j, m) with the energy ε λ is added to the even-even core. According to the TFFS [9] , a quasiparticle differs from a particle of the single-particle model in two respects. First, it possesses the local charge e q and, second, the core is polarized due to the interaction between the particle and the core nucleons via the Landau-Migdal (LM) amplitude. In other words, the quasiparticle possesses the effective charge e eff caused by the polarizability of the core, which is found by solving the TFFS equations. In the many-particle Shell Model, a similar quantity is introduced as a phenomenological parameter which describes polarizability of the core consisting of outside nucleons. It should be noted that for this series of problems within the scope of the mean-field theory, the self-consistent TFFS is similar to the HF-QRPA approach. a e-mail: kamerdzhiev@ippe.ru
Recently, quadrupole moments of the first 2 + state in even lead and tin isotopes have been found [10] , again within the self-consistent TFFS. For this problem which is evidently beyond the mean-field theory, the TFFS results are significantly different from the QRPA ones.
In this paper, we review briefly the results of the cited references on quadrupole moments of odd nuclei and of the 2 + states in even-even ones and add some new calculations for odd unstable nuclei. In addition, we include here some results of [11] for the quadrupole moments of oddodd nuclei neighboring to the double magic ones.
Brief calculation scheme
The calculation scheme of the self-consistent TFFS based on the EDF method by Fayans et al. is described in detail in Ref. [4] . Here we write down only several formulas which are necessary for understanding main ingredients of the approach. The EDF method by Fayans et al. [3] is a generalization for superfluid finite systems of the original Kohn-Sham EDF method [12] . In this method, the ground state energy of a nucleus is considered as a functional of normal and anomalous densities,
Within the TFFS, the static quadrupole moment Q λ of an odd nucleus with the odd nucleon in the state λ can be found in terms of the diagonal matrix element λ|V(ω = 0)|λ of the effective field V in the static external field
In systems with pairing correlations, equation for the effective field can be written in a compact form asV
where all the terms are matrices. In the standard TFFS notation [9] , we have:
where L, M 1 , and so on stand for integrals over ε of the products of different combinations of the Green function G(ε) and two Gor'kov functios F (1) (ε) and F (2) (ε). They can be found in [9] .
Isotopic indices in Eqs. (3) (4) (5) are omitted for brevity. The explicit form of the above equations is written down for the case of the electric (t-even) symmetry we deal with. In Eq. (4), F is the usual LM amplitude,
F ξ is the density-dependent effective pairing interaction,
and the amplitudes F ωξ = F ξω stand for the mixed second derivatives,
In the case of volume pairing, one has F ωξ = 0, whereas for the case of surface pairing we deal the amplitude F ωξ is non-zero and should be taken into account when Eqs. (3) (4) (5) are solved. As the analysis of Ref. [4] shows, the component V of the vectorV, as a rule, dominates. However, the fields d 1 , d 2 also contribute, and sometimes significantly, to the value of Q λ .
In this article the TFFS equations are solved in the self-consistent basis obtained within the EDF method with the functional DF3-a. Thus, the same set of parameters has been used to calculate the single particle scheme and, according to Eqs. (6, 7, 8) , the effective interactions in the TFFS equations. We consider the surface kind of pairing as motivated by our previous research [4] , see also ab initio arguments in Ref. [13] .
Quadrupole moments of odd semi-and near-magic nuclei
The final expression for the quadrupole moment of an odd nucleus is as follows [9, 14] :
where u λ , v λ are the Bogolyubov coefficients and For odd neighbors of a magic nucleus the "Bogolyubov" factor in (9) reduces to 1 for a particle state and to −1 for a hole one, see also [15] . If the odd nucleon belongs to the superfluid component, the factor (u 
Keeping in mind such sensitivity, we found this quantity for a given odd nucleus (Z, N +1) or (Z +1, N), N, Z even, with taking into account the blocking effect in the pairing problem [14] putting the odd nucleon to the state λ under consideration. For the V λ value in Eq. (9) we used the half-sum of these values in two neighboring even nuclei.
The results of the calculations are presented in Tables 1  and 2 which contain odd-neutron and odd-proton nuclei respectively with known experimental quadrupole moments (our predictions for odd nuclei with unknown quadrupole moments see in [4, 5] ). One can see that the theoretical sign of the quadrupole moment is correct in all cases when the sign of the experimental moment is known. This permits to use our predictions to determine the sign when it is unknown. Several rather strong disagreements with the experimental data for high-j levels 1h 11/2 in Sn isotopes and 1i 13/2 in Pb isotopes originate from their too distant positions from the Fermi level, see [5] , where it was found that the Q values depend strongly on the single-particle level structure. It follows mainly from Eq. (11) .
To evaluate the agreement with experiment quantitatively, we calculate the mean theory-experiment difference
with obvious notation. On average, the agreement, can be considered as reasonable. For 42 quadrupole moments of odd-neutron nuclei, the average disagreement between theory and experiment is not so small, (δQ) 2 rms = 0.189 e b. However, it is concentrated mainly in 15 intruder states for which we have (δQ) The main contribution to this deviation comes from In and Sb isotopes, odd neighbors of even tin nuclei. It is the result of too strong quadrupole field V n,p (r) for the DF3-a functional [4] . For neutrons, this drawback is partially hidden with multiplying by the Bogolyubov factor, but for protons it appears to the full extent. For more detailed discussion, see [5] .
For odd-neutron neighbors of even N=50 isotones, the proton-subsystem is superfluid and the neutron Bogolyubov factor in Eq. (9) is ±1. In this case, agreement with the data is almost perfect, (δQ) 2 rms =0.041 e b. The situation is similar for odd-neutron neighbors of even isotones with N=82. Again, agreement with the data is rather good, (δQ) 2 rms =0.093 e b. For the major part of nuclei in Tables 1 and 2 , neighboring to double-magic ones, let us call them "near-magic", the quality of agreement is rather good. Therefore, we hope to predict reasonably the quadrupole moment values for such nuclei including strongly proton-or neutron-rich ones. These predictions are presented in Table 3 . As it was mentioned in Introduction, the core polarizability by the quadrupole external field is characterized directly by the effective quadrupole charges, which are defined naturally within TFFS as e p,n
In Tables 1 and 2 , there are only two nucleus, 209 Bi and 209 Pb, with a double-magic core. In this case, the polarizability is relatively moderate, e p eff = 1.4, e n e f f = 0.9. In nuclei with unfilled neutron shell, it becomes much stronger, e eff ≃ 3÷6 [4] . The reason is rather obvious. Indeed, for the case of positive parity field V 0 , virtual transitions inside the unfilled shell begin to contribute in such nuclei and small energy denominators appear in the propagator L n , Eq. (5), playing the main role in Eq. (2) for the problem under consideration. This enhances the neutron response to the field V 0 and, via the strong LM neutron-proton interaction am- pol is the pure polarizability charge. To separate contributions of the unfilled shells and core nucleons explicitly, one can divide the Hilbert space of the QRPA equations (2) to the "valent" and subsidiary ones and carry out the corresponding renormalization procedure [17] .
Quadrupole moments of the first 2 + states in Sn and Pb isotopes
Account for the phonon coupling (PC) is the direct way to generalize the standard nuclear theory. As a rule, the so-called g 2 approximation is used where g is the phonon creation amplitude. However, almost all of these generalizations did not take into account all the g 2 terms, limiting themselves with the mass operator pole diagrams only, see the first diagram in Fig. 1 , where diagrams for the mass operator are displayed. The second diagram represents the sum of all g 2 non-pole diagrams usually called the tadpole. The problem of consistent consideration of all g 2 terms including tadpoles was analyzed firstly in the article by Khodel [18] . The method developed was applied to magic nuclei, mainly for ground state nuclear characteristics, within the self-consistent TFFS [2] . It was found that, as a rule, the tadpole contributions in magic nuclei are noticeable and are often of opposite sign as compared with those of the pole terms. The first attempts to include phonon tadpole effects for nuclei with pairing were recently made in Refs. [19] , [20] and [10] .
According to Ref. [18] , in the g 2 approximation, the matrix element M LL for a static moment of the excited state (phonon) with the orbital angular moments L in a static external field V 0 is determined in terms of the change of the one-particle Green function (GF) in the field of this phonon:
where g L is the amplitude for the production of the L phonon with the energy ω L and δ L g L is the variation of g L in the field of other L phonon. This quantity is the main part of the phonon tadpole in Fig. 1 . After some transformations of these expressions one can obtain
It is convenient to transform this expression in such a way that the effective field V, Eq. (2), appears instead of the external field V 0 . After regrouping terms in Eq. (15) and in the integral equation for δ L g L , for details, see Refs. [2, 20, 10] , we obtain the ultimate expression,
which is illustrated in Fig. 2 . It contains now the effective field V, Eq. (2), instead of V 0 and the quantity δ L F in the second term which denotes the variation of the effective ph interaction F in the field of the L phonon. For the density dependent TFFS effective interaction F (ρ), the following ansatz can be readily obtained [18, 2] :
where ρ tr L = Ag L is the transition density for the L phonon excitation. The first term of Eq. (16) coincides with the result of Refs. [21, 22] while the second one, with the δ L F quantity, is a generalization to take into account all the g 2 terms.
All the above equations can be readily modified for such processes as the transition between the excited states L and L ′ in the external field
This approach for magic nuclei has been generalized for non-magic ones in [23, 10] . Then eight matrix elements instead of one in Fig. 2 should be considered, two of them are shown in Fig. 3 .
It is necessary to compare this expression with the QRPA approach. Here we mean the usual scheme [24] which uses the QRPA wave functions for the matrix element between two excited states. In Ref. [24] the expression for the B(E2) quantity has been derived using the bare external field V 0 and the QRPA wave functions without the pp and hh-channels. The analytical expression for the sum of the eight abovementioned matrix elements consists of two parts. The first part coincides with the corresponding formula in [24, 14] with one important correction, which is the first generalization of the QRPA approach. Namely, instead of the external field V 0 , which does not depend on the frequency, the effective field V appears, which depends in general on the frequency ω = ω L ± ω ′ L . The second part of the sum is new and describes the contribution of the ground state correlations (GSC), the so-called backward-going diagrams, to the first diagrams of Fig. 3 with the integrals of three GF's ("triangle"). This is the second generalization. We calculate the contribution of such correlations separately. The terms with δ L F and δ L F ξ , Fig. 3 , are the third generalization of the QRPA approach. Note that these terms are also absent in Refs. [22, 21, 26, 27, 25] . The main difference of our approach from the calculations in Refs. [22, 25, 26, 27] is the self-consistency on the (Q)RPA level and absence of any phenomenological or fitted parameters.
We calculated the quadrupole moments of the first 2 + states in the tin and lead isotopes in the λ-representation with self-consistent single-particle wave functions φ λ obtained within the EDF method of Ref. [3] with the functional DF3-a [8] . A spherical box of the radius R=16 fm is used to simulate the single-particle continuum. We examined the dependence of the results on the cut-off energy E max and have found that the value of E max =100 MeV en- sures 1% accuracy. To calculate the quantities V and g L , the results of Ref. [4] have been used where all the calculations were performed in the coordinate representation using the same self-consistent DF3-a basis as in the present calculation of the matrix element M LL . Thus, the singleparticle continuum is taken into account adequately in the present calculations. The contribution to the Q values of the term with δF in Fig. 3 The results are given in Table 4 and Fig. 4 . Except for 112 Sn and 208 Pb nuclei, we obtained a reasonable agreement with experimental data [1] . The contribution of the GSC term turned out to be large. Often it is more than 50÷60% of all triangle contributions (column Q(GSC=0)). The usual QRPA (GSC=0 and V = V 0 ), see the last column in Table 4 , results in considerably less Q values.
Quadrupole moments of odd-odd near magic nuclei 6 Conclusion
Quadrupole moments of odd neighbors of semi-magic lead and tin isotopes and N = 50, N = 82 isotones are calculated within the self-consistent TFFS based on the Energy Density Functional by Fayans et al. with the DF3-a parameters fixed previously. The same approach has been used to calculate quadrupole moments of the first 2 + state in tin and lead isotopes as well as the moments of near-magic odd-odd nuclei.
For the quadrupole moments of odd and odd-odd near magic nuclei a good agreement with the experiment has been obtained.For the case of semi-magic nuclei a reasonable agreement with experiment for the quadrupole moments has been obtained for the most part of nuclei considered. In this case when the odd particle belongs to the superfluid subsystem, the Bogolyubov factor (u 2 λ − v 2 λ ) = (ε λ − µ)/E λ comes to the quadrupole moment value, in addition to the matrix element of the effective field V λ . This factor makes the quadrupole moment value very sensitive to calculation accuracy of the single-particle energy ε λ of the state under consideration, especially near the Fermi surface as the quantity Q λ vanishes at ε λ = µ. For such a situation, influence of the coupling of single-particle degrees of freedom with phonons, see [6, 20, 5] , should be especially important.
For the quadrupole moments of the first 2 + states, we have obtained a noticeable difference from the traditional QRPA approach. In particular, new terms with δ L F and δ L F ξ appear, which contain the density derivatives of both the ph and pp effective interactions. In the problem under consideration, their contribution turned out to be rather small, as a rule. However, for consistency, these terms should be included. Except for the 112 Sn and 208 Pb cases, a reasonable agreement has been obtained with the experiment available. Using the self-consistent method which contains no newly adjusted parameters we have also predicted the values of quadrupole moments of the first 2 + states in several unstable lead and tin isotopes including the 100 Sn and 132 Sn nuclei. An unexpectedly large contribution of ground state correlations to the Q(2 + 1 ) values is found. A non-trivial dependence of the quadrupole moments of the first 2 + states on the neutron excess is found which can be traced to the negative proton contributions. A similar behavior could probably be present in other isotope chains.
Quadrupole moments of unstable nuclei including those near the exotic 100 Sn and 132 Sn 56,78 Ni are also predicted, which should be of special interest.
